Abstract: Unmodified antibodies (abs) have been successful in the treatment of hematologic malignancies, but less so for the treatment of solid tumors. They trigger anti-tumor effects through their Fc-domains, and one way to improve their efficacy is to optimize their interaction with the effectors through Fc-engineering. Another way to empower abs is the design of bispecific abs and related fusion proteins allowing a narrower choice of effector cells. Here we review frequently chosen classes of effector cells, as well as common trigger molecules. Natural Killer (NK)-and T-cells are the most investigated populations in therapeutical approaches with bispecific agents until now. Catumaxomab, the first bispecific ab to receive drug approval, targets the tumor antigen Epithelial Cell Adhesion Molecule (EpCAM) and recruits T-cells via a binding site for the cell surface protein CD3. The next generation of recombinant ab-derivatives replaces the broadly reactive Fc-domain by a binding domain for a single selected trigger. Blinatumomab is the first clinically successful member of this class, targeting cancer cells via CD19 and engaging T-cells by CD3. Other investigators have developed related recombinant fusion proteins to recruit effectors, such as NK-cells and macrophages. The first such agents currently in preclinical and clinical development will be discussed.
Introduction
Antibodies (Abs) have evolved primarily for the defense against infectious agents, but not against spontaneous tumors of non-viral origin in mammals and man. Some cancer patients have specific abs directed against autologous tumor antigens, which may play a role in immune-surveillance, controlling the emergence of tumors by the immune-system [1] [2] [3] . The importance of immune-surveillance in the development of spontaneous tumors is still not fully understood [4, 5] , but the contribution of such auto-abs and of an adaptive immune response may be underestimated at present. To overcome past problems and to turn abs into more successful adjuvants for the treatment of tumors, it will help to modify the natural format of immunoglobulins (Igs) and to empower them for the task. In the past three decades several new formats of ab-derived agents have been developed for this purpose. One large group of new agents are ab-drug conjugates (ADCs). A variety of drug-components have been used in these compounds, ranging from bacterial-and plant-derived toxins such as diphtheria toxin, pseudomonas exotoxin A, saporins, and saponins, through chemically synthesized toxins such as maytansinoids, duocarmycins and auristatins, to human death effector proteins, including granzymes, caspases and RNases [6] [7] [8] [9] . The first ADC to receive drug approval was gemtuzumab-ozogamycin (Mylotarg), a conjugate between a CD33-specific IgG and the toxin calicheamycin, which was effective in the treatment of acute myelogenous leukemia (AML). The agent was withdrawn from the market because of systemic toxicity [10] [11] [12] , but newer more potent ADCs have been developed with reduced systemic adverse effects. Recently, Brentuximab vedotin, a CD30-directed ADC, was approved by the US Food and Drug Administration (FDA) for the treatment of Hodgkin's-and systemic anaplastic large cell lymphoma [13] . Trastuzumab emtansine (T-DM1) has shown positive results in a clinical phase III study for the treatment of breast cancer (NCT01120184), and several other ADCs are in clinical trials. Great expectations are placed on this group of agents, but there are some difficulties associated with their development, including problems with immunogenicity and manufacturing. A second large class of ab-derivatives attempts to recruit the body's own cells as effectors for the elimination of cancer cells. This approach offers several unique advantages, including a reduced immunogenicity and a greater ease of manufacture, and also appears attractive for the following reason: Often, some cancer cells resist the treatment with ADCs, and these may be either cancer stem cells (CSCs) with an intrinsic resistance to the drug, or cells with an increased resistance acquired by mutation. Gleevec-resistant cells of patients with chronic myelogenous leukemia (CML) illustrate the point [14] . However, such cells may still be susceptible to agents recruiting cytotoxic effector cells because the intracellular mechanisms, by which both classes of agents induce death in cancer cells, differ, and the mechanisms rendering cells resistant to both classes of agents are not the same. Therefore, it is reasonable to develop both types of new agents and to explore whether they may also be useful as components in combination therapies.
Several different classes of effector cells can be recruited by agents of this second group, and several different trigger molecules in each class of effectors are suited for the purpose. In this review we focus on agents recruiting effector cells for the elimination of malignant cells, in particular NK-cells and T-lymphocytes, because these have been widely studied. Other classes of effector cells, which have not yet been fully exploited, such as macrophages and neutrophilic granulocytes, also offer attractive potential for the design of ab-derived therapeutics for cancer, but will only be mentioned in passing.
A third way to improve efficacy of therapeutic abs is to optimize their Fc-domain for stronger binding to Fc-receptors (FcRs) on effector cells by Fc-engineering. This can be achieved either through introduction of point mutations at critical positions known to be important for the contact between Fc-domains and various types of FcRs from x-ray crystallography and other functional assays, or by glyco-engineering. A small number of point mutations is sufficient to greatly enhance the strength of binding Ig Fc-domains to various FcRs, including CD16 and CD64, and thereby improving cytotoxic function in ADCC (ab-dependent cellular cytotoxicity) assays, as well as phagocytosis through macrophages in ADCP (ab-dependent cellular phagocytosis) assays. An example of Fc-engineering by point mutagenesis is Xmab5574, a CD19 ab with improved binding to CD16a and CD64 by more than an order of magnitude, and correspondingly increased ADCC and ADCP functions [15] . This ab is scheduled for advancement to clinical trials in the near future. Another Fc-engineered CD19-ab has already been used for the treatment of leukemia patients with promising initial results. Glycoengineered abs with improved N-glycosylation patterns have shown improved binding to FcRs and improved functional properties [16] . In particular, the next generation of anticancer abs carrying afucosylated glycoforms is currently in clinical development [17] . The most advanced among these is the glycoengineered CD20 ab obinutuzumab (GA101), currently in phase II/III clinical trials for treatment of non-Hodgkin's lymphoma and chronic lymphocytic leukemia [18] .
Due to stronger binding of optimized Fc-domains to FcRs, the competition of therapeutic abs with plasma Ig should be greatly reduced, and a greater fraction of the injected dose should reach the FcRs and mediate the desired effects [19] . Therefore, it is currently expected, that Fc-engineered abs will show improved therapeutic efficacy in upcoming clinical trials. In this review, however, we will emphasize ab-derivatives which deliberately recruit a chosen class of effector cells by engaging a trigger molecule present only on the desired subset of effectors, rather than relying on the broad range of effectors engaged by the reaction of abs still carrying an entire Fc-domain.
Frequently Used Trigger Molecules and Classes of Effector Cells
Anti-tumor effector functions mediated by abs include ADCC, ADCP, and complement-dependent cytotoxicity (CDC) [20] . The first two are mediated by the interaction of the Fc-domain with FcRs on the surface of effector cells, while CDC is triggered by interactions between Fc-domains and complement proteins. FcRs are expressed on leukocytes and some other cell-types, including endothelial and epithelial cells, and are divided into three groups: Fc-, Fc-and Fc-receptors. The major group of human FcRs comprises five different members falling into three subgroups. FcRI (CD64) is expressed on monocytes, macrophages, granulocytes and dendritic cells (DCs) and mediates ADCC, ADCP and most importantly, the clearance of immune complexes. Expression levels of CD64 are low on unstimulated granulocytes and DCs, and are increased by cytokines and growth-factors, including G-CSF [21] . FcRII (CD32), a low affinity receptor for immunoglobulin G (IgG), exists as an activating (CD32a) and an inhibitory (CD32b) variant, products of two separate homologous genes, with distinct but partially overlapping cellular expression patterns [22, 23] . FcRIIa, mainly expressed on monocytes, neutrophilic granulocytes, and other myeloid cells, carries an immunoreceptor tyrosine-based activation motif (ITAM) in its cytoplasmic domain, and similar to CD64, mediates ADCP. After binding of IgG to CD32a, an oxidative burst is triggered in neutrophils and monocytes. The inhibitory CD32b is expressed on monocytes, other myeloid cells and B lymphocytes, but in two different allelic variants. Myeloid cells express the internalized B2 variant; B cells the non-internalized B1 variant. Co-ligation of membrane Ig with CD32B1 on B-cells inhibits signaling through the membrane Ig-receptor. As a result, the B-cell response to antigens, for which IgGs are already present, is dampened [24] . On plasma cells, CD32b regulates persistence and apoptosis [25] , while on placental epithelial cells CD32 may play a role in the transport of IgG.
The third subgroup of FcRs, are the low affinity FcRIIIs, comprising again an activating and an inhibitory variant. FcRIIIa (CD16a), the activating transmembrane form, is expressed on NK-cells, macrophages and mast cells, and mediates ADCC [15, 26] . CD16b is expressed on human neutrophilic granulocytes. On human cells, this variant is linked to the cell surface by glycosyl-phosphatidyl inositol (GPI), and does not transmit signals into the cells, because it lacks a signal-transducing cytoplasmic domain [27] [28] [29] . CD32b therefore acts as an inhibitory receptor, because the numerous neutrophilic granulocytes deplete the pool of soluble, available IgG. Two types of the FcR are known: the high affinity FcRI is present on Langerhans cells, eosinophils, mast cells, basophils and antigen presenting cells [30] [31] [32] . This receptor plays a role in allergic responses and the production of cytokines. FcRII (CD23) is a low affinity receptor for IgE present on B-cells, eosinophils and Langerhans cells [33] . CD89, the sole receptor for IgA (FcR), is constitutively expressed on monocytes, macrophages and neutrophilic granulocytes [34] . Stimulation of these cells by occupation of the FcR with IgA results in potent ADCC and ADCP [35] , and this effect has not yet been mined extensively for therapeutic purposes.
Due to the clinical success of therapeutic abs, interest in the recruitment of effector cells has markedly risen over the past 20 years. The interaction of the Fc-domain with FcRs is important to mediate therapeutic effects, but, in vivo, this interaction is often unsatisfactory [27] . The unmodified Fc portion of an ab binds to several types of FcR on a number of different cell types, including cells other than the desired effectors. This may result in a strong reduction of the available pool of soluble abs for therapeutic effects by depletion of the injected dose. Furthermore, the therapeutic ab competes for binding to FcRs with a large excess of existing plasma Ig in the patient. FcRs on the relevant effector cells are already occupied when the therapeutic ab arrives. To win this competition and to compensate for the losses by absorption through FcRs on non-relevant cells, the therapeutic abs need to be injected in high doses, which can be disadvantageous both due to infusion-related complications and from an economic point of view. An example in case are the large doses of the therapeutic CD20 ab rituximab needed for an effective treatment of lymphoma, which are in the range of 10 mg/m 2 and above per dose. Finally, binding to the inhibitory forms of FcRs may dampen rather than strengthen the desired therapeutic effects and cause still other unknown and unfavorable effects on the systemic immune response. To overcome these disadvantages it is helpful to specifically direct the agent to the effector cell of choice. Therefore, recombinant proteins with specific binding moieties for trigger molecules on particular types of effector cells have been developed [29] . The most commonly used trigger molecules for the recruitment of effector cells are the activating FcRs, the FcR, and CD3 or CD28 on T-cells. A synopsis of these triggers and other modulators of the immune-response used for therapeutic purposes, as well as the effector cell populations carrying them is given in Table 1 . 
Examples of ab-Derived Agents Recruiting Effector Cells Other than NK-and T-Cells
Molecules with a binding domain for FcRI (CD64) are capable of recruiting macrophages, monocytes and G-CSF-stimulated granulocytes as effectors; the latter obtained either from G-CSF-treated patients or by ex vivo treatment of cultured granulocytes with this factor (Figure 1) . A bispecific F(ab')-fragment and a bispecific ab targeting HER2/neu and engaging FcRI have caused potent lysis of ovarian and lung cancer cells in vitro, mediated by cytokine-activated granulocytes [28, 36] . Using a panel of bispecific F(ab') 2 molecules in mice transgenic for human CD64, which were xenotransplanted with various lymphoma-derived human cell-lines, Honeychurch and colleagues obtained potent anti-tumor activity in vivo, mediated mostly by macrophages [37] . These observations were further extended by studies with a bispecific (Fab') 2 and a recombinant tandem diabody targeting CD30 and engaging CD64-positive effectors, which induced ADCC and ADCP of human lymphoma-derived cells in cell culture assays by recruiting monocytes and macrophages [38, 39] . Another bispecific F(ab') 2 , targeting CD19 and engaging CD64-bearing effectors, mediated efficient lysis of malignant B-lymphoid cells by recruiting interferon -primed macrophages. The effect was further enhanced, when the macrophages were pretreated with a combination of interferon  plus macrophage colony stimulating factor (M-CSF) [40] .
Because of these encouraging preclinical results, three CD64-engaging agents were tested in clinical trials. The first was a F(ab') 2 targeting CD30 on Hodgkin lymphoma cells. This agent was tested in 10 patients with refractory lymphoma in a phase I trial, and one complete plus three partial remissions were observed [41] . The second agent, a bispecific F(ab') 2 targeting the epidermal growth factor receptor (EGFR), MDX-447, was tested in 64 patients with kidney and head-and-neck cancer, but no objective responses were seen [42] . The third was a F(ab') 2 , targeting the tumor antigen HER2/neu (MDX-H210). In a pilot trial with 13 patients with advanced carcinomas, this agent was well tolerated with adverse effects limited to the days of infusion [43] . In a phase II study with MDX-H210 plus G-CSF in HER2/neu-positive prostate cancer patients, this agent showed clinical activity with acceptable side effects [44] . Thus, CD64-engaging agents may have an attractive, so-far barely-tapped therapeutic potential. Their development is not advanced as far as that of agents recruiting T-cells or NK-cells, possibly because the results obtained so far were not as convincing as those obtained with other ab-derived agents, and maybe also because there are reservations among drug-developing investigators against macrophages and granulocytes as effectors. Although both are potent classes of effector cells, macrophages may eliminate cancer cells mainly via phagocytosis, and this may be considered by some drug-developers as not as efficient as the elimination by the induction of cell death via apoptosis, necrosis or autophagy, which is induced by the directly cytolytic classes of effector cells. This perception is probably misguided, as shown by new data discussed below. Similarly, some preconceived concerns also persist, that granulocytes engaged as effectors may release a number of pro-inflammatory mediators, and that the resulting "mediator-storm" may be more detrimental than beneficial. However, these concerns are not based on strong supporting data, and these perceptions are likely to change in the future, as soon as such engaging agents are actually tested, as suggested by the recent findings for macrophages discussed below. To demonstrate the potential of molecules engaging neutrophilic granulocytes and monocytes through the FcR (CD89), three examples are discussed. The first are F(ab') 2 conjugates targeting the tumor antigens HER2/neu or CD30, respectively. The second is a bispecific ab targeting the EGFR, and the third a tandem bispecific single chain Fv (bsscFv) targeting HLA class II [39, [45] [46] [47] . All of these agents mediated ADCC in vitro by recruiting CD89-positive effector cells, i.e., mainly neutrophilic granulocytes and monocytes. No in vivo data are available, but CD89-transgenic mice exist and could be used for animal studies [48, 49] . Although the cytolytic responses in cell culture assays were unusually potent [39] , and although there is some promise for future clinical use of such agents, CD89-engaging agents have not been advanced very far into clinical development, probably for similar reasons as those given above for the lack of clinical development of CD64-engaging agents. Some drug developers anticipate that the contribution to the overall therapeutic effect by monocytes may be minor, and others fear that neutrophilic granulocytes may produce more undesirable side effects through the cytokines they release than beneficial effects. These fears however are not supported by convincing clinical data, and therefore, agents engaging CD64-and CD89-bearing effectors may still show therapeutic benefit, once tested in clinical trials.
Macrophages as effectors deserve to be further explored, in particular for tumors, where tumorassociated macrophages (TAMs) are present, which is the case for many solid tumors. In many cases TAMs have a tumor-supporting function, and may even promote the spawning of metastases [50] [51] [52] . TAMs favor tumor development by contributing to the remodeling of extracellular matrix and by the release of factors that promote cell proliferation, angiogenesis, and migration. They are capable of phagocytosis in principle, but their phagocytotic attack on tumor cells is blunted, because all patientderived tumor cells analyzed in recent studies carried a cell surface protein, CD47, a repressor of macrophage phagocytosis [52] [53] [54] . This happens by an interaction between CD47 and a ligand on macrophages and DCs, the Signal Regulatory Protein  (SIRP ). After binding of CD47 to this ligand, signals are transmitted from SIRPto the macrophagewhich inhibit phagocytosis. CD47 has therefore been called a "don't eat me" signal. For survival and metastasis of tumor cells it is of paramount importance that they should avoid elimination by tumor-infiltrating phagocytes, and therefore it is not surprising, that CD47 is highly expressed on all tumor cells tested. Consequently, abs blocking CD47 had an antitumor-effect and prevented the formation of metastases in mouse models. "Given that TAMs are present in large numbers within tumors, CD47-directed ab-therapy may therefore have the potential to restore TAM immune surveillance and fundamentally alter the role of macrophages in the progression and survival of tumors" [52] .
Interestingly, treatment with this blocking CD47 ab did not promote the phagocytosis of normal cells to an equal extent, although normal cells also display CD47, however in lower surface densities than tumor cells. From these findings Chao and colleagues [55] inferred that blockage of the inhibitory signals mediated through CD47 and SIRP may have exposed a second signal present on tumor cells, but not on normal healthy cells, which actively promotes phagocytosis. In the absence of CD47-SIRP signaling, healthy cells would therefore not be subject to phagocytosis. This second signal, also called an "eat-me" signal, has recently been identified and is caused by interaction of the tumor cell component calreticulin with the LDL-receptor 1-related protein (LRP) on macrophages [56] . This signal is required for the phagocytosis of tumor cells after blocking the CD47-SIRP interaction.
Calreticulin is present on the surface of a subset of cells in all human leukemias, lymphomas, and solid cancers, but not on non-tumor cells [57] .
Therefore, one might envisage, that bispecific ab-derived reagents targeting calreticulin on the tumor cell and engaging macrophages through either FcRs or LRP, or even tri-specific ab-derivatives such as single-chain triplebodies [58, 59] engaging both of these triggers simultaneously, may become an option for attractive new ab-derived therapeutics. Although this approach may encounter some difficulties due to the presence of calreticulin on some healthy cells, these new possibilities for the engagement of TAMs as effectors are a surprising development, because there was a bias against attempts to engage TAMs for the elimination of cancer cells, in view of the fact that their activities are mostly tumor-promoting. These new data indicate that even tumor-promoting TAMs can be converted into potent anti-tumor effectors, as soon as they are physically linked to tumor cells via therapeutic abs.
Another example in case, where macrophages play an important role in tumor biology, are follicular lymphomas. In lymph node follicles, where clonal expansion of B-cells takes place, vast numbers of macrophages are present and remove excess B-cells, and large numbers of macrophages are also present in hypercellular lymph nodes of follicular lymphoma patients. Therefore ab-derived agents engaging the infiltrating macrophages as anti-tumor effectors may also be a promising new avenue, in spite of the fact that in the absence of such agents the macrophages may play a tumor-promoting rather than an anti-tumor role. Similar concepts may become valuable for other tumors such as prostate-and ovarian cancers and several others, where TAMs are abundant [60] .
A variety of bispecific ab-derived agents deliberately recruiting subsets of effector cells have been evaluated in clinical studies for different malignancies to date. The best-studied examples are summarized in Table 2 . The majority of these agents recruit T-cells as effectors, and so far only one bispecific recombinant molecule engages CD16a on NK-cells and human macrophages. 
Redirecting NK-and T-Cells for Cancer Therapy

T-Cells as Effectors for Cancer Therapy
T-cells are activated by the interaction of the T cell receptor (TCR) with specific peptides loaded onto major histocompatibility (MHC) proteins present on other cells. For a strong T-cell reaction a co-stimulatory signal generated by the cross-talk between e.g., CD28 on the T-cell and its counterstructures CD80 (B7.1) or CD86 (B7.2) on antigen presenting cells (APCs) is needed [61] . Following stimulation through the TCR, T-cells produce Interleukin-2 (IL-2), which drives them into proliferation and differentiation. Apart from activating receptors, T-cells also express inhibitory surface proteins, which are important for the regulation of their responses. The cytotoxic T-lymphocyte antigen-4 (CTLA-4), an inhibitory surface receptor, binds with higher affinity to CD80 and CD86 than CD28, and thus promotes the inactivation of T-cells [62, 63] . Another negative regulator is the receptor Programmed Death-1 (PD-1). After binding to its ligands on the interacting cell, signaling through PD-1 leads to T-cell anergy and apoptosis.
Optimization of T-Cell Activity
To counteract these effects, different experimental approaches have been taken. In 2011 the CTLA-4-directed ab Ipilimumab was approved by the FDA for the treatment of patients with advanced melanoma. Ipilimumab binds CTLA-4 and prevents the interaction with its ligands. As a consequence, T-cells remain highly active and participate in anti-tumor functions, probably elicited by autologous tumor antigens and a break in tolerance. This was demonstrated in a clinical study, where Ipilimumab was administered either alone or in combination with a peptide fragment of glycoprotein 100 (gp100) to patients with metastatic melanoma. The patients treated with the combination had a significantly longer overall survival (10.0 months) than patients treated with gp100 alone (6.4 months) [64] . Melanoma patients frequently carry T-cells with a TCR specifically reactive with the tumor-antigen gp100, which has therefore been used for tumor vaccination in clinical trials of melanoma therapies. The expectation underlying this approach was that by enhancing the response of CD8-positive cytotoxic T-cells with specificity for gp100, the vaccination may have a therapeutic benefit through the increased elimination of gp100-bearing melanoma cells. In addition, it was anticipated, that through this vaccination an indirect contribution to the systemic anti-tumor response would be generated by causing a gp100-specific CD4-positive helper T-cell-, and thus an adaptive B-cell response [64] . The surprising finding was that this approach was therapeutically beneficial. After many years of rather modest success with tumor vaccination for melanoma [65] , investigators had become pessimistic about its potential clinical benefit. Melanoma tumors are probably also driven by cancer stem cells (CSCs), and melanoma CSCs have greatly reduced MHC-I levels [66, 67] . Therefore, the T-cell response elicited by the vaccinating peptides would be expected to have only minor effects on the melanoma CSCs, and thus would not be expected to have long-lasting therapeutic effects due to a reduction of this compartment. However, the reduction in the MHC-I-positive bulk melanoma cells achieved by this approach was apparently sufficient to cause the observed extension of overall survival, even if there may have been only a minor impact on CSCs. The clinical benefit was sufficient to deserve drug approval, and it compares well with the improvement in overall survival achieved by other therapeutic abs used in the treatment of other types of malignancies, which is often far less than the extra 4 months gained in this case. Treatment with this ab caused immune-related adverse events in approximately 10-15% of the patients compared to 3% of patients treated with gp100 alone, and there were several deaths in this study associated with immune-related adverse events. Therefore, treatment with this ab must have removed inhibitory signals from a broad range of T-cells and thus generated a broadly reactive set of hyperactive T-cells, some of which may have caused the auto-immune complications and the noted immune-related adverse events. These events were severe in some cases, long-lasting, or both, but most were reversible with appropriate treatment. Considering the dismal alternatives for patients with metastatic melanoma, the clinical benefit achieved by this agent was sufficient to merit drug approval and the agent is now in routine clinical use. It is one of the very few successful treatments for metastatic melanoma, even if the success may be considered modest [64, 68] .
Another mab, specific for PD-1, produced promising initial results as a single agent in clinical trials for the treatment of various solid tumors resistant or refractory to other treatments [69] . The rationale for the use of this ab was similar to the one described above for the CTLA-4 ab. Further, a bispecific tandem scFv, specific for two different epitopes of CTLA-4, augmented rather than inhibited the activation of T-cells [70] . This approach may become useful in clinical applications where a boost of immunity is needed. In addition, Curran and colleagues reported that a combined blockade of CTLA-4 and PD-1 has lead to an increased level of infiltrating T-cells and the rejection of melanoma cells in vivo [71, 72] . Another attempt to increase T-cell activity consists in triggering these cells via binding of an ab specific for CD137, a co-stimulatory receptor on T-cells and a member of the tumor necrosis factor (TNF) family. Ab-binding to CD137 promotes the proliferation, survival and cytokine secretion of T-cells, and CD137-specific abs were successful in vivo and produced promising anti-tumor effects [73, 74] .
In 2006 a phase I safety study of the CD28-specific mab TGN1412 (TeGenero) was conducted with eight healthy volunteers [75, 76] . Surprisingly, severe adverse events occurred, caused by a treatment-induced cytokine storm. Further analysis revealed that the starting dose for this trial was too high, due to the fact that this dose had been calculated from safety studies in primates. However, the primate leukocytes employed in these safety studies reacted far less strongly with this particular ab than corresponding human leukocytes. Therefore, in spite of this regrettable incident, CD28 remains a valuable target for an ab-mediated control of T-cell functions in vivo, and it continues to be developed for this purpose. A bispecific ab directed against melanoma-associated proteoglycan 2 (NG2) and CD28 has since been found to mediate cytotoxic T-cell effects only in the presence of NG2-positive tumor cells [77] . Interpreted in mechanistic terms, these results probably indicate, that triggering of T cells by binding of an ab for CD28 alone did not lead to a potent cytolytic response for melanoma cells, but that connecting the tumor cell with the effector through an immunologic synapse mediated by the agent caused far stronger cytolysis. This effect does not appear surprising, in view of published observations, that other bispecific ab-derivatives such as a bsscFv addressing CD19 and CD16, caused far stronger cytolytic effects mediated by NK cells, than a simple control ab specific for CD19 [58, 78] .
One potential explanation of these findings is that a T-cell releasing its toxins into the synaptic cleft produced by the bispecific agent generates a far greater local concentration of the toxic component in the cleft than a T-cell releasing its toxins in all directions of space in the absence of a synapse. Another tentative explanation is that once formation of the synapse is initiated by the bispecific ab, then other surface receptors of the T-cell and their counter structures on the target cell interact, tighten the synapse, and generate additional second signals which enhance the cytotoxic effect. Such secondary effects clearly exist for NK cells. When these cells form a synapse with their targets, then not only NK-cell receptors such as CD16 are activated, which trigger degranulation of cytotoxic granules and the release of their contents (e.g., granzymes). In addition, other receptors such as LFA1 are triggered by formation of the synapse, which cause a polarization of the effector cell, i.e., a relocation of the cytolytic granules into the direction of the synapse before degranulation [79] . This second signal in turn leads to an increased dose of toxins released into the synapse, and thus to a stronger cytotoxic effect. Whether analogous second signals are also important for the cytolytic synapses formed by T-cells and for the degranulation of these cells is unknown to us, but we assume that this is the case. Finally, we suppose that other apoptosis-, necrosis-or autophagy-inducing signals may be sent into the target cell as a consequence of the multiple interactions between the target and effector cell in the synapse. Such signals could be generated for example by the interaction of death receptors (CD95, Apo-1; Fas; TRAIL-receptors, TNF-receptors and others) with their ligands. Thereby, apoptotic pathways such as caspase-and/or mitochondrial paths to death can be induced in the target cell. Finally, necrosis and autophagy, other important paths to induced cellular death, may also be induced by similar second signals.
T-cells can indeed be recruited for the lysis of cancer cells by signals involving ligands for death receptors on the tumor cells. De Bruyn, Bremer, Helfrich and colleagues studied a series of intriguing fusion proteins for this purpose [80, 81] . Two of these carried scFv-components specific for either CD3 or CD7 on the surface of T-cells, fused to the soluble TRAIL ligand, sTRAIL. These proteins, called anti-CD3:TRAIL and K12:TRAIL, bind CD3 or CD7, respectively, on the T-cells and through their sTRAIL component also bind the death receptors TRAIL R1 and TRAIL R2 (DR4 and DR5) on the surface of tumor cells. This interaction and the resulting aggregation of the TRAIL receptors on the surface of the tumor cells mediates cytotoxicity, which is far stronger for the cancer cells than for normal healthy cells of the organism, which also carry the same TRAIL receptors. It is not fully understood, why occupation of these receptors on tumor cells with the T-cell bound ligand causes apoptosis far more potently than engagement of the same receptor on healthy normal cells, but this surprising effect has been confirmed by other teams. As a result, the tumoricidal activity of T-cells was greatly enhanced. When T-cells were decorated with these agents and then assayed for cytotoxicity in cell culture ADCC assays, the tumoricidal activity for cancer cell lines and primary patient-derived malignant cells was increased by more than 500-fold compared to the control T-cells not decorated with these agents. Delivery of these proteins to T-cells also strongly inhibited tumor growth in mice and increased the survival time of mice xenografted with human tumor cells by more than 6-fold. An added interest in this class of targeted death-ligands comes from the fact, that certain leukemia stem cells (LSCs) have also been reported to carry elevated levels of TRAIL R1 and TRAIL R2, and probably can be sent into apoptosis by ligation of these receptors [82, 83] .
Recruiting T-Cells via CD3
T-cells do not carry activating Fc-receptors. Therefore they cannot be stimulated directly by the Fc domain of an ab and cannot be recruited for the direct elimination of a tumor cell by ab-mediated cellular cytotoxicity (also called "redirected lysis"). Major efforts have been made to overcome this shortcoming. One possibility is the use of bispecific ab-formats such as recombinant tandem bispecific scFvs, bispecific diabodies and tandem bispecific diabodies. Fusion proteins in these formats can specifically bind both the tumor cell and a trigger molecule on a T-cell. Many molecular formats with different combinations of specificities have been tested [84] . Suitable T-cell triggers, which induce cytotoxicity, cytokine release and an inhibition of proliferation, include CD2, CD3, CD5, TCR, TCR TCR and CD28. The best-studied trigger is CD3. After engagement of this receptor, cytotoxic T-cells are stimulated, causing the elimination of the target cell [85] . The most prominent member of this novel class of recombinant Bispecific T-cell Engagers (BiTEs) is the CD19-and CD3-directed agent blinatumomab (MT103), which is studied in five ongoing clinical trials. It showed a very high cytotoxic potential in cytolytic assays in vitro with half-maximum effector concentrations (EC50) in the picomolar range, at a low effector-to-target cell (E:T) ratio of 2:1, without the need for co-stimulation of the T-cells [86] . MT103 was further successful in vivo as a mono-therapeutic agent in children with acute lymphoblastic B-cell leukemia (B-ALL) and in adults with Non-Hodgkin-Lymphoma, it mediated a complete remission and a prolonged leukemia-free survival, respectively [87] [88] [89] .
First generation BiTEs still have a few minor shortcomings. One of these was an involvement of the central nervous system (CNS) leading to transient seizure-like symptoms in a small number of treated patients [87] . These events were rare, clinically manageable, and do not represent a serious obstacle against clinical use of the agent, because they mainly occurred when higher doses of the agent were used, than those now employed in routine clinical applications. Such symptoms were not observed when children with acute leukemia were treated with effective doses of the agent [90] . One possible interpretation is that T-cells decorated with this agent may have penetrated the blood-brain barrier and then caused the CNS symptoms. There may be a connection with earlier observations finding occasional CNS symptoms also in transplant recipients treated with the immunosuppressive CD3 antibody OKT3. The symptoms may therefore be associated with the use of CD3 as the particular trigger rather than with the general format of BiTEs.
A minor inconvenience associated with the use of this BiTE is its short plasma retention time (plasma half-life), which is on the order of less than one hour in humans. This is likely due to the low molecular mass of the agent, which is below 60 kDa. Therefore, the majority of the drug most likely is excreted upon first pass through the kidney. As a consequence, the agent is administered in multiple repeat doses and occasionally by continuous infusion using a portable pump. This however is only a minor inconvenience considering the potent therapeutic effect of the agent. If needed, this shortcoming can be alleviated by applying one of several available half-life extending techniques. One of these would be to couple the agent to polyethylene-glycol (PEG), a method used for half-life extension of other common drugs [91] . Another option would be to fuse the agent to fragments of human serum albumin (HSA) or albumin binding ab-fragments, and thereby improve the plasma half-life [92] . Finally, the BiTE format can be extended by adding a third ab-derived scFv binding site, thus generating a tandem single-chain triplebody. This extension increases the molecular mass beyond the kidney exclusion threshold and doubled plasma retention times in mice [58] . Therefore, the minor disadvantages of the BiTE format can be addressed in a satisfactory manner, and this novel class of agents represents major progress, because it is the first new class of recombinant ab-derived agents, which deliberately recruit a chosen class of effector cells, and which do not carry the broadly reactive Fc-domain of full-length Igs. It thereby avoids the problems linked to the presence of an Fc-domain. Consequently, these agents can be administered in far lower concentrations than full length Igs. Clinically effective doses of blinatumomab are in the range of 10 g/m 2 compared with effective doses of rituximab, which are in the range of 10 mg/m 2 , i.e., approximately one thousand-fold greater. Therefore, far lower systemic side effects are expected, the treatment might be better tolerated by the patients, and due to the lower cost of goods the drug will likely be more economic. Other advantages of the BiTE format need to be stressed. These agents can engage a wide range of T-cells, regardless of the specificity of their TCR, because CD3 is universally present on all cytotoxic T-cells. Thus large numbers of T-cells are available for recruitment. Approximate numbers of different classes of leukocytes circulating in healthy adult humans are shown in Table 3 . Adapted from [93] .
Healthy humans carry approximately 3-times more T-cells than NK-cells in their circulation. T-cells can further proliferate after suitable stimulation, such as exposure to IL-2, and therefore their numbers may be sufficient to eliminate most cancer cells after recruitment by BiTEs. This numerical relation is often quoted as an advantage of the BiTE format over other formats of ab-derivatives recruiting CD16-positive effectors, which are present in lower numbers in circulation. However, NK-cells, can also proliferate after suitable stimulation, and they may also be available in sufficient numbers locally at the tumor site for particular tumors, such as in the bone marrow of acute myeloid leukemia (AML) patients. Therefore, a mere look at the total numbers of these effector cells present in the periphery of a healthy human body may not convey an adequate picture of the number of effector cells available at the relevant tumor sites. Furthermore, when it comes to eradicating CSCs, which is required for the elimination of minimal residual disease (MRD) and the achievement of long-lasting therapeutic effects, then it may not be the quantity of the available effector cells, which is the dominant variable, but their quality. Conceivably, an NK-cell may have better access to a CSC residing in a stem cell niche than a T-cell, or function better in the hostile hypoxic environment of MRD sites than a T-cell. Therefore, it would be premature to judge the anticipated therapeutic potency of these new agents solely based on the number of available effector cells in the periphery of a healthy body. Still, T-cells have a far greater intrinsic toxicity than NK-cells on a per-cell basis, and T-cell infiltrates are present in many solid tumor tissues. Prominent examples are melanoma tissues, and therefore, T-cells appear to be a natural choice of effectors for the treatment of melanomas.
Other members of the BiTE-family, which are in pre-clinical or clinical studies, are specific for carcino-embryonic antigen (CEA), EpCAM, CD33, HER2/neu, EGFR and the melanoma-specific chondroitin-sulfate proteoglycan (MCSP), also called High Molecular Weight Melanoma Associated Antigen (HMW-MAA) [94] [95] [96] [97] [98] [99] [100] . The MCSP-reactive BiTE was less potent in in vitro cytolysis experiments than expected [94] . One possible explanation is that the chondroitin sulfate proteoglycan moiety was so bulky that it prevented the formation of an effective synapse between the effector and the target cell, mediated by the agent.
Catumaxomab (Removab   ®   ) , a hybrid Ig with specificities for CD3 and EpCAM, was recently approved for the treatment of malignant ascites [101, 102] . One half of this chimeric Ig comes from a murine Ig and the other from a rat IgG. A second trifunctional antibody (ertumaxomab) of similar design, specific for CD3 and HER2/neu, showed first promising results in vitro and in vivo [103, 104] . The in vitro study showed that effector cells isolated from the blood of patients with head-and-neck carcinoma after chemotherapy and radiotherapy were still able to eliminate HER2/neu-or EpCAMpositive tumor cells in the presence of ertumaxomab or catumaxomab, respectively. Hence, effector cells from patients can be recruited and activated after standard cancer treatment and can then be engaged by this agent to eradicate tumor cells. Problems associated with agents of this class are the relative difficulty in manufacturing such hybrid Igs, and their elevated immunogenicity in humans, due to their origin from two different rodent species.
Another new means to selectively engage T-cells for cancer therapy is a recombinant fusionprotein, consisting of an scFv component binding CD3 and the extracellular part of the activating NK-cell receptor Natural Killer cell lectin-like receptor Gene 2D protein (NKG2D). This agent binds cancer cells carrying the NKG2D ligand on their surface via its NKG2D component, and T-cells via its CD3 binding site. In vitro this chimeric agent successfully engaged T-cells and caused an efficient redirected lysis of NKG2D ligand-positive tumour cells. In a murine lymphoma model, the protein significantly promoted survival, and the tumour-free surviving mice were resistant to re-challenge with the relevant autologous tumour cells, suggesting the successful generation of a specific immunological memory response [105] . An adaptive immune-response of the host (including T cells) was an essential component of the overall therapeutic effect of this agent. This fusion protein also reduced the pool of myeloid-derived suppressor cells and of regulatory T-cells (T reg ), and increased T-cell infiltration in the tumor tissue. These data invite the exciting interpretation, that the agent may have targeted these immune suppressive cells, because these also carry the NKG2D ligand [106] . This new chimeric protein is intriguing, because it is one of few reported cases, where a secondary systemic immune response after treatment with an immunotherapeutic agent has been documented, and where this secondary response was an integral and essential part of the therapeutic effect. We suspect, that the same may also have occurred for several of the other new agents discussed above, but that it has not been studied and not been recorded in those cases as systematically as for this agent.
Another fusion protein, consisting of a recombinant engineered T-cell receptor specific for peptides derived from gp100 and presented by HLA A2, and a CD3-specific scFv, has been advanced into a phase I clinical trial for malignant melanoma (NCT01211262). Finally, Lum and colleagues investigated the use of activated T-cells from cord blood as a cellular therapeutic, armed ex vivo with bispecific abs targeting CD20 or HER2/neu on the one side, and engaging CD3 on the other [107] . Cordblood MNCs were first incubated ex vivo with an anti-CD3 mab and IL-2, to activate and expand the T-cells. The expanded T-cells were then armed ex vivo with bispecific mabs and successfully used in ADCC-experiments in vitro. They had low alloreactivity and therefore adoptive transfer of these decorated cells may be an attractive possibility to reduce graft-versus-host disease (GVHD) and to simultaneously enhance the anti-tumour effect. A phase I clinical trial with autologous, CD20 × CD3 mab-armed and activated T-cells for the treatment of patients with relapsed or refractory NHL is currently ongoing (NCT00521261).
NK-Cells for Cancer Therapy
NK-cells have both an innate ability for the direct killing of tumor cells ("natural killer activity"), and the ability to mediate ADCC after being recruited by ab-derived agents [79, 108] . These two modes of action differ greatly, and the dramatic changes in the function of an NK-cell, which are introduced after engagement via an ab-derived agent, are often not sufficiently stressed. Once an ab-derived therapeutic is brought into play, which directly connects the target cell with the NK-cell through a trigger receptor such as an FcR, the situation changes profoundly. In the absence of abs and ab-derived agents, the activation of NK-cells depends on the balance of activating and inhibitory signals triggered by surface receptors. In the presence of ab-derived agents this balance is greatly altered, and the relative influence of the inhibitory receptors is greatly diminished. Activating receptors include the family of natural cytotoxicity receptors: NK30p, NK44p and NKp46, as well as NKG2D, 2B4, NKp80, CD16 and CD226 [109] . The group of inhibitory receptors comprises members of the killer cell immunoglobulin-like receptor (KIR) superfamily (KIR2DL1, KIR2DL2/3, KIR3DL1, KIR3DL2), as well as siglec7/9 and NKG2A [110] . In the presence of an activating signal (but in the absence of an ab-derived agent), the inhibitory ligands can suppress the "natural" cytotoxic NK-cell function [111] . However, when a tumor cell is connected with an NK-cell by engagement of a trigger molecule via an ab-derived agent, then the release of granzymes and INF- occurs in spite of inhibitory signals and overpowers the latter [112] [113] [114] . This function is called an "ADCC reaction" or "redirected lysis" and is no longer the same as the "natural killer activity". This change from "natural killer mode" to "ADCC mode" is similarly profound, as the total reversal of the function of TAMs after addition of an anti-CD47 ab, which reprogrammed the macrophage from a tumor-promoting to a tumor-eliminating cell (section 1.2 above) [115] . This change from the "natural killer mode" to the "ADCC mode" by ab-derived agents is illustrated in Figure 2 .
In their "natural killer mode" NK-cells play a role in the in the immunosurveillance of neoplastic cells [117, 118] and they are also used in this mode in cancer therapy [119] . This is routinely the case in the context of stem cell transplantation in tumor therapy, for example in leukemia therapy. Here, NK-cells are regenerated from the transplant, and participate in the graft-versus-leukemia response. The effect can further be strengthened by additional adoptive transfer of enriched NK-cells, and this is frequently used in the post-transplant treatment of both adult and pediatric patients with acute leukemia [120] [121] [122] [123] [124] . This use of NK-cells as cellular therapeutics trough transplantation and/or adoptive transfer is an entirely different therapeutic modality from the recruitment of resident NK-cells through the administration of therapeutic anti-tumor abs, the focus of the present paragraph, although both effects can be combined. Lytic activity is greatly reduced, due to KIR inhibition. After addition of an anti-HLA-I ab or ab Fab-fragment of this ab, the KIR inhibition is lifted, due to blockage of HLA-I on the target cells (3rd and 4th columns from the left). The fact that the de-repression also occurred with the Fab-fragment of the HLA-I ab, and not only with the intact ab demonstrates, that the recovered cytotoxicity was not due to an ADCC effect via the Fc-domain of the HLA-I ab, which decorated the target cells, but was due to blocking of HLA-I. Comparison with the left-most column shows, that after addition of the CD19 ab, "ADCC lysis" was equally strong as the "natural kill lysis" with blocked HLA-I, although in this case, no HLA-I blocking ab was added. This result illustrates the important claim, that through addition of an ab engaging the NK-cell via its FcRs, the KIR inhibition is overruled. From Lang 2004 [116] with permission. This research was originally published in Blood. © the American Society of Hematology.
Recruitment of NK-Cells by Anti-tumor Abs
Every therapeutic ab probably mediates a unique spectrum of cellular responses in vivo. For example, the CD20-ab Rituximab activates complement in vivo, recruits NK-cells, macrophages, and possibly other myeloid cells, and indirectly probably also DCs and B-cells for a secondary humoral response. It is difficult to dissect the exact spectrum of responses occurring in a human organism after treatment with an ab-derived agent, and to assess the relative contribution of each type of effector mechanism to the overall effect. Much of our knowledge is gained by extrapolation from cell culture data to the in vivo situation. Another source of information comes from the use of animal models, mostly animals lacking one or the other type of effector cells [125] . However, it is often difficult to extrapolate from mice to humans, because these different classes of effector cells have a strikingly different functional specialization in both species. Human NK-cells are abundant, are present in a pre-activated state, and require no additional treatment before they can function as effectors for ab-mediated tumor cell lysis. By contrast, murine NK-cells are far less abundant; they are not pre-activated in their normal state in circulation. Moreover in mice, the function that is played in humans by CD16-positive cells is shared between CD16 (FcRIII) and FcRIV positive cells, for which there is no human equivalent [126] . Murine CD16-positive cells cannot be directly recruited for an effective ab-mediated tumor cell lysis, but require a prior activation, for example by treatment of the mice with poly I:C, in order to up regulate CD16 on the NK-cell surface and to empower them for ADCC [127, 128] . For these reasons, we still have only limited knowledge about the spectrum of in vivo responses in human patients to a given therapeutic anti-tumor ab, and this spectrum probably also shows individual differences for each particular ab.
Inspite of this complexity, some common underlying features have emerged. One of these is that in humans CD16-positive effector cells, mostly NK-cells, macrophages, monocytes, T cells, plus some appropriately stimulated DCs, play a dominant role in the complex mixture of in vivo reactions to therapeutic abs with current clinical success in tumor treatment, such as rituximab, trastuzumab and cetuximab. This conclusion comes from initial observations that the therapeutic outcome of treatment of lymphoma patients with rituximab depended on their genetic makeup in CD16 alleles [129, 130] . Two major allotypes of human CD16a are known, one carrying Valine at position 158 (158V), the other Phenylalanine (158F). The 158V allotype binds the Fc region of human IgG1 with higher affinity than the 158F allotype. Cartron and colleagues genotyped the CD16a locus in lymphoma patients, which had not been previously treated with other therapies, and which had received a frontline treatment with rituximab [129] . The objective response rates 12 months after the start of therapy were 90% for the V/V and 51% for the F/V patients. Similar findings were reported by Weng and Levy for patients with follicular lymphoma (FL), treated with Rituximab [130] . The V/V homozygous patients responded far better than the F/F homozygous and the V/F heterozygous patients. Therefore, in both studies, treatment outcome was more favorable for the V/V homozygous patients than for carriers of the F allele, in line with the known stronger binding of the V allotype to the Fc portion of human IgG1. In conclusion, CD16a was of major importance for the treatment success of follicular lymphoma patients with rituximab. The authors of these studies further interpreted the data to imply, that ADCC, mediated by NK-cells, probably was the most important reaction in vivo for the success of this treatment, although strictly speaking, the data do not directly support this conclusion. On the basis of these data, it is not possible to distinguish unambiguously between the alternatives that the relevant CD16a-positive cells were NK-cells, macrophages, monocytes, T-cells, DCs or combinations of these. Most likely, the major CD16a-positive players in vivo were indeed the NK-cells, but the data only provide indirect rather than direct support for this conclusion.
This finding was surprising, because one might have expected, that FcRI (CD64)-positive effectors might have played the predominant role, as this receptor binds with higher affinity to the Fc-portion of IgGs, and because neutrophilic granulocytes and monocytes are more numerous in the human circulation than NK-cells, macrophages, T cells and CD16-positive DCs. However, this was not the result, and our interpretation is that CD64 on granulocytes, which is only induced after stimulation with certain cytokines, may not have been present on the granulocytes of these patients in sufficient surface density. These surprising results force us to conclude that the dominant variables determining the anti-tumor efficacy of an ab-derived agent are not simply the numerical abundance of the effector cells, nor the affinity of binding of a particular FcR to the therapeutic ab, but other more subtle parameters. Why CD16-positive effectors were more important for the action of rituximab in these patients than CD64-positive cells is still not entirely clear. Some possible, speculative reasons beyond the already mentioned regulated cell surface density of CD64 are, that maybe the CD16-positive cells were more readily available at the relevant location of the lymphoma cells, or that they were better suited to access and eliminate MRD and CSC cells in their niches than CD64-positive effectors, or that they formed more effective immunological synapses with the target cells mediated by the ab than CD64-positive effectors. Similar results have since been obtained for patients with different cancer types after treatment with trastuzumab and cetuximab [129] [130] [131] [132] . The common conclusions are that CD16a-positive cells, most likely NK-cells, and the CD16a receptor played a dominant role for the treatment outcome of these cancers with the mentioned therapeutic abs, which carried an Fc-domain.
NK-Cell Recruiting ab-Derivates
Beyond complete Ig proteins, other molecular formats recruiting CD16-positive effectors have since been tested for their potential effectiveness as anti-cancer agents. Two different types of bispecific ab-fragments were developed for the treatment of solid tumors. The first, a bispecific F(ab') 2 targeting the EGFR and engaging CD16-positive effectors, mediated potent ADCC of EGFR-positive renal carcinoma cells in vitro [133] . The second, a bispecific ab targeting HER2/neu, which is over expressed on a subset of breast and other carcinomas, and engaging CD16, effectively lysed antigenpositive cancer cell lines in ADCC tests in vitro [36] . Two other HER2/neu-specific molecules engaging CD16-bearing effectors, a quadroma ab and a recombinant trivalent bispecific ab, mediated a therapeutic effect in xenograft mouse models. The first one called 2B1 mediated potent lysis of SK-OV-3 cells, a human ovarian carcinoma cell line used as a xenograft. A cellular therapy with human peripheral blood lymphocytes or lymphokine-activated killer cells and IL-2 alone, had only minimal effects on the xenograft growth, but the therapeutic effect was improved by a combination treatment with these cells plus 2B1 [134, 135] . The second one, the trivalent bispecific ab, possesses three antigen binding moieties, two scFvs targeting HER2/neu and a Fab fragment engaging NK-cells ( Figure 3E ). The recombinant molecule induced more effective ADCC of SKBR3 cells than of MCF-7 cells; both cell lines are HER2/neu-positive cancer cells with different surface densities of the target molecules. The observation that the SKBR3 cells with a higher density of HER2/neu than the MCF-7 cells were eliminated more efficiently, indicates that lysis of the target cells was controlled by the cell surface density of HER2/neu. In animals xenografted with SK-OV-3 cells, the agent was more potent than an anti-HER2/neu scFv-Fc fusion protein (also called a mini-ab; Figure 3H ), indicating, that direct recruiting of effector cells was more efficient than recruiting via the Fc-domain [136] . Figure 3B ) [58, 78, 137] . All three fusion proteins mediated potent lysis of tumor cell lines and primary cells from leukemia patients, using mononuclear cells (MNCs) from unrelated healthy donors, a subset of peripheral blood leukocytes comprising the NK-cell compartment, as effector cells. The MNC compartment contains several subsets of CD16-positive cells, and therefore, we attempted to further define, which subset contained the relevant effectors for this result. To this effect, the MNCs were fractionated using immuno-magnetic beads, and the subfractions were separately tested in ADCC reactions. Only the CD56-positive and CD16-positive NK-cell fractions, which were contained in the CD56-negative compartment, but not the CD56-negative NKT cells mediated ADCC with these agents. Two additional fusion proteins, a bsscFv and a sctb specific for CD33 and CD16, called 33-16 and 33-16-33 , were used for similar ADCC experiments with immuno-magnetically fractionated subsets of effector cells (Figure 4 ) [138] . In these experiments the main cytotoxic effect was again mediated by CD16-bearing NK-cells and only a small percentage of the observed ADCC effect was mediated by other CD16-positive effector cells.
To take full advantage of the possibilities offered by the sctb format, dual-targeting sctbs with specificities for two different antigens on the same tumor cell were constructed [59, 139, 140] . These fusion proteins mediated efficient ADCC lysis of antigen-positive tumor-derived cell lines and primary tumor cells. The unique new capability of these agents, permitted by dual targeting of two different antigens on the same tumor cell, was a selectivity of ADCC lysis for antigen double-positive cells in the presence of equal numbers of antigen single-positive cells, mediated by NK-cells [59, 139, 140] . This is an exciting new result, because it opens the perspective that it may be possible in the future to find a pair of target antigens, which is present on tumor cells in higher combined density than on corresponding healthy cells, and which may therefore allow a preferential elimination of the cancer cells over the corresponding healthy cells, mediated by effector cells. Such a preferential elimination is a major objective of cancer therapy, which so far has not been fully reached by chemotherapeutic agents. It may even become possible in the future to define a pair of two antigens, which are present on CSCs in greater combined density than on the bulk of the tumor cells and on the corresponding normal tissue stem cells, and which may therefore permit a preferential elimination of CSCs and MRD-causing cells by such dual-targeting agents. This may allow us to achieve a longer lasting therapeutic effect [141, 142] . A bsTb ( Figure 3E ) with two binding sites for CD19 and one for CD16 showed overall superior properties in comparison to a bispecific bibody (bsBb) with only one binding site each for CD19 and CD16 ( Figure 3F) . The bsTb had a 3-fold higher avidity and mediated similar lysis of antigen positive cells at 6-fold lower concentrations than the bsBb [143] . The addition of a second binding site for an antigen on the same tumor cell allowed investigators to reach the objective outlined above. It endows this molecular format with the desired inbuilt initial binding to the tumor cell. This design doubles the probability, that the agent will bind the tumor cell first, rather than the effector cell, and thereby makes it possible, that the effector cell can save its precious cargo until it has successfully engaged the tumor cell, and does not degranulate before this engagement is sealed. Moreover, this format of bsTbs also allows the design of dual-targeting agents, as discussed above for the sctb format. Inspite of these advantages of the sctb and bsTb formats, some issues regarding their stability and economic manufacturing remain to be addressed [141] . To approach these issues from a different angle, the format of DART molecules was created ( Figure 3G) . A DART protein targeting the FcRIIb and FcRIII was produced with high production yields. It showed extended storage and serum stability and displayed very potent, dose-dependent cytotoxicity in retargeting human MNCs against B-lymphoma cell lines. Furthermore, this molecule was also able to mediate potent in vivo protective activity in a mouse model with xenografted human lymphoma cells [144] .
Little and co-workers constructed a recombinant bispecific tetravalent tandem diabody (tandab; Figure 3D ), generating two Fv binding domains each for CD16a and CD30, but composed of VL and VH components carried on different chains. This two-chain fusion protein (AFM13) inhibited tumor growth in a xenotransplanted Hodgkin lymphoma model in mice [145] . To increase the therapeutic effect mediated by diabodies ( Figure 3C ), a combination of two diabodies directed against CD19, which retargeted NK-cells and T-cells via CD16 and CD3, respectively, was tested in a mouse model. The combination of both diabodies produced a synergistic effect in vivo compared with the control groups, which were treated with only one of these agents [146] . After having obtained this synergistic effect, the authors tested different combinations of diabodies and other drugs. As a result, a monotherapy with thalidomide (an angiogenesis inhibitor) or with a CD19-CD16 specific diabody caused only a 50% reduction in tumor growth rate in a subcutaneous tumor model, whereas the combination produced a synergistic effect resulting in a 74% reduction in mean tumor size [147] .
The agents just mentioned above, which engage CD16-bearing effector cells, showed attractive results in preclinical studies, but only two of them have been advanced so far into clinical trials, where one produced promising initial results. AFM13 is currently evaluated in a clinical phase I study. This tetravalent tandem diabody with two scFv binding sites each for CD30 and CD16a ( Figure 3D ) so far was safe, well tolerated and showed clear signs of anti-tumor activity in patients with Hodgkin lymphoma (NCT01221571). These are very encouraging results, because they establish a precedent. They demonstrate that not only conventional, chemically linked bispecific whole abs, quadroma abs or chemically linked F(ab) 2 fragments can be clinically active as shown by other authors two decades ago, but also recombinant bispecific agents, lacking an Fc domain, which engage CD16a-bearing effectors. This is major progress, because the conventional agents, although effective in clinical trials, have not been further pursued in their clinical development, due to manufacturing problems. The recombinant new formats will likely overcome these problems. They set the stage for a new class of agents, for which success is expected, because they rely on similar effector mechanisms as clinically successful abs, such as rituximab, trastuzumab and cetuximab, which also largely work, beside signaling-effects, through the engagement of CD16-bearing effectors in vivo [129, 130] . These new agents can likely be administered in far lower doses, due to the absence of Fc-domains, and therefore signify progress for the patient, because they will likely be tolerated better with fewer side effects, and will be more affordable.
Immunoligands for the Recruitment of NK-Cells
Many ab-derived agents engaging FcRIII will also bind the inhibitory GPI-linked variant CD16b expressed on neutrophilic granulocytes, as long as they do not bind an allele-specific CD16a epitope, which is not shared with CD16b. Binding to CD16b reduces the available plasma concentrations of such agents, due to absorption by the numerous neutrophilic granulocytes, and thus their therapeutic efficacy. To avoid this effect, the tandem diabody AFM 13 described above uses a binding site with specificity for a private epitope on CD16a. In a different approach, a series of new recombinant proteins were designed to engage NK-cells through the activating receptor NKG2D, which is not shared with other leukocytes outside the NK-compartment. This receptor binds a number of different ligands, and therefore, fusion proteins between scFv components targeting tumor cells and these ligands, which are designed for the engagement of NK-cells, offer an attractive alternative. The bestcharacterized NKG2D ligands to date are the MHC class-I-chain-related proteins A and B (MICA, MICB), and two glycoproteins, binding to the human cytomegalovirus (HCMV) UL16 protein, called UL16-binding proteins 1 and 2 (ULBP1; ULBP2). These ligands bind to and activate human NK-cells [148] . A number of fusion proteins with NKG2D ligands have been produced and tested in view of potential therapeutic applications ( Figure 3I ). In some of these agents, recombinant MICA was chemically conjugated to F(ab')s specific for tumor-associated antigens such as CEA, HER2/neu and CD20. These molecules mediated lysis of antigen-positive tumor cells by engaging NK-cells. The effects were blocked by pre-incubation of the effector cells with an NKG2D-specific ab [149] .
Another novel recombinant fusion protein, ULBP-BB4, carrying ULBP2 as the ligand for NKG2D fused to an scFv domain specific for CD138 was tested. CD138 (syndecan-1) is expressed on pre-B cells, immature B-cells and plasma cells, but not on mature circulating B-cells. It is also expressed on a variety of tumor cells, including malignant cells from multiple myeloma patients [150] and is a potentially interesting target for immune-therapeutic approaches against multiple myeloma [151] . In one particular series of experiments, mice were xenografted with subcutaneously growing CD138-positive tumor cells, and then the fusion protein ULBP-BB4 was administered together with a dose of adoptively transferred human MNCs. The treatment effectively inhibited tumor growth, most likely due to in vivo ADCC effects mediated by the NK-cells contained in the transferred MNCs [152] . In a similar set of experiments, Cho and colleagues produced a fusion protein between the NKG2D ligand Rae-1β and an IgG3 ab specific for HER2/neu. In a mouse model with xenografted human breast cancer cells this fusion protein mediated enhanced innate and adaptive anti-tumor immune responses, including an augmented response of murine cytotoxic NK-cells. A depletion of the murine NK-or CD8-positive T-cells resulted in an inhibition of the anti-tumor effect of the agent. This result indicated essential roles for the NK-and T-cells in the observed anti-tumor activity. Surviving mice, which were re-challenged with tumor cells after treatment with this anti-HER2/neu-Rae-1β fusion protein, showed decreased tumor growth, indicating the development of an adaptive memory response [153] .
Using the same design principle, an immunoligand fusing an scFv targeting the prostate-specific membrane antigen PSMA with the NKG2D ligand ULBP2 was produced for the treatment of prostate cancer. Shortening of the linker between the variable heavy and light chains of the scFv led to the formation of oligomers. The oligomeric proteins enhanced NK-cell activity and mediated the highest cytotoxicity against the tumor cells. The efficacy of the oligomeric agents was confirmed in a prostate cancer xenograft model in mice, and a strong activity against established tumors was obtained [154] . Finally, in a study performed by Kellner and colleagues, two bifunctional recombinant molecules consisting of MICA and ULBP2, respectively, as the NKG2D ligand and an scFv targeting CD20, were generated. Both proteins mediated significant ADCC lysis of CD20 positive cell lines and of CD20 positive tumor cell samples from patients with chronic lymphocytic leukemia (CLL), marginal zone lymphoma (MZL), or mantle cell lymphoma (MCL), mediated by NK-cells. Increased expression levels of CD20 led to an increased susceptibility of the target cells for ADCC lysis mediated by the recombinant proteins. Remarkably, the immunoligand containing ULBP2 triggered stronger ADCC in than the protein carrying MICA as the NKG2D ligand, pointing to potentially different mechanisms of signal transduction from the same cell surface receptor into the NK-cells [155] .
Taken together, these data suggest, that NK cells can be engaged with advantage by a variety of different recombinant fusion proteins addressing different activatory receptors on their surface for the targeted elimination of human tumor cells, both in vitro and in vivo. They are further attractive, because their numbers can be expanded significantly ex vivo and the expanded cells remain highly active for ADCC after recruitment through CD16-engaging abs and ab-derived agents [156] [157] [158] . In our team, we have been able to expand the number of NK-cells from peripheral blood of healthy donors and from cryo-preserved leukapheresis samples by several hundred-fold through culture for 21 days in the presence of IL-2 [159] . Such ex vivo expanded NK cells are suited as cellular therapeutics for adoptive transfer in the context of cancer treatment, provided they are produced under the usual stringent requirements for cellular therapeutics [160] .
Conclusions
Targeted therapy with ab-derived agents engaging select subsets of effector cells of the human defense system for the elimination of cancer cells, offers great promise. Clinical results with catumaxomab and BiTE molecules retargeting T cells have already demonstrated the therapeutic potential of T-cells as effectors. NK-cells are also suitable effectors for cancer therapy with ab-derived agents, due to their ability to mediate ADCC and the possibility of their ex vivo expansion followed by adoptive transfer. An ongoing phase I study with the first NK-cell recruiting bispecific agent, AFM13, produced promising initial results. It is therefore probably only a question of time until NK-cells recruited by ab-derived agents will also become an established component of cancer therapy. Both cell types have their particular advantages, and a combination of NK-and T-cell recruiting agents may become an even more powerful option. Next on the horizon is the development of ab-derived agents engaging tumor infiltrating macrophages and granulocytes as effectors. The central idea is that this effector-cell engaging approach may be gentler and may be better tolerated by patients than approaches employing ADCs. The effector-cell engaging approach builds on the natural defense mechanisms that are already used by the normal immune-surveillance against spontaneously arising cancers of non-viral etiology. Antibodies already successful in cancer therapy to date, such as rituximab, also rely on effector cells, and therefore it appears promising to engage and amplify these same mechanisms which are already of proven efficacy in the normal functioning of the human organism and therefore should be particularly gentle and well tolerated.
